Within the so-called color gauge invariant generalized parton model, a TMD scheme including initial-(ISI) and final-state (FSI) interactions, we present a phenomenological analysis of available SSA data for pion and D-meson production in pp collisions. This allows us, for the first time, to put a preliminary constraint on the two universal types of gluon Sivers function entering the model. Predictions for SSAs in J/ψ and direct photon production, as well as a comparison with the simpler generalized parton model (without ISIs and FSIs), are also presented.
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Introduction and formalism
Transverse momentum dependent parton distributions (TMDs) are nowadays believed to represent fundamental pieces in our comprehension of the internal structure of the nucleons. They are also crucial to explain very interesting spin-polarization phenomena like single spin asymmetries (SSAs). The Sivers function [1] , related to the asymmetry in the azimuthal distribution of unpolarized partons inside a high-energy transversely polarized proton, is of great interest. Its existence is well established and many phenomenological extractions of its quark component are available. In contrast, the gluon Sivers function (GSF) is much more difficult to access and still poorly known.
In Ref.
[2] a first extraction of the GSF from mid-rapidity data on SSAs in p ↑ p → π 0 X [3] has been obtained within a TMD approach, the so-called generalized parton model (GPM). In this scheme, applied to single-scale processes, TMDs are taken to be universal. Although not formally proven, it has been shown to be phenomenologically very successful (see Refs. [4, 5] ).
A QCD extension of this model, the Color Gauge Invariant GPM (CGI-GPM), was developed in Refs. [6, 7] , focusing on the process dependence of quark Sivers function. Here, the effects of initial-(ISI) and final-(FSI) state interactions are taken into account, within a one-gluon exchange approximation. In particular, the CGI-GPM can reproduce the opposite relative sign of the quark Sivers functions in SIDIS and in the Drell-Yan processes [8, 9] .
[10] the CGI-GPM has been extended, for the first time, to the gluon Sivers effect in SSAs for inclusive J/ψ and D-meson production in pp collisions, while inclusive pion and photon production has been considered in Ref. [11] . In this scheme, two different classes of modified partonic cross sections enter, each convoluted with a different GSF. These universal and independent distributions are named the f -type and d-type gluon Sivers functions.
We present here a phenomenological analysis, giving only few basic expressions and referring to Refs. [10, 11] for all details. The SSA for the inclusive process p ↑ p → h X, defined as
within a TMD scheme and in suitable kinematical regions, is mainly sensitive to the Sivers function:
In particular, for D-meson, J/ψ or mid-rapidity π (γ) production in pp collisions only the gluon Sivers effect can be sizeable, being all these processes dominated by gluon initiated sub-processes. Within the CGI-GPM the f -and d-type contributions to d∆σ , to be added up, read
where H Inc include ISIs and FSIs. For γ production D h/c is replaced by a Dirac delta-function on z and k k k ⊥h , and for J/ψ production by a proper non perturbative factor. In the GPM approach only one GSF appears and H inc is replaced by the ordinary unpolarized partonic contribution H U . The first k ⊥ -moment of the Sivers function is also of relevance:
For the gluon Sivers function we adopt a factorized Gaussian-like form:
where f g/p (x) is the unpolarized collinear gluon distribution and
with |N g | ≤ 1. We also define the parameter ρ = M 2 /( k 2 ⊥ g + M 2 ), with 0 < ρ < 1. Notice that the collinear component of all TMDs defined above evolve through a DGLAP evolution.
In the sequel, by a combined analysis of SSAs for mid-rapidity pion and D-meson production, we will show how one can constrain the two GSFs in the CGI-GPM. Predictions for p ↑ p → J/ψ X and p ↑ p → γ X are also given, as well as the corresponding results within the GPM.
Results and comparison with data
In the GPM approach, via the analysis of the SSA in pp → π 0 X at mid-rapidity [2] , one can directly extract the GSF and then give predictions to be compared against other sets of data. The parameters obtained, adopting for k 2 ⊥ g = 1 GeV 2 , are [11] :
The analysis within the CGI-GPM, for which we have two independent GSFs, appears more difficult. The first issue we address is the effective role of the f -and d-type contributions. To do this, we maximize the effects of the two functions, by saturating the positivity bound for their x-dependent parts (i.e. N g (x) = ±1) and adopting the value ρ = 2/3. In Fig. 1 (left panel) we present the maximized (N g (x) = +1) gluon Sivers contributions to A N for the process p ↑ p → π 0 X at √ s = 200 GeV and mid-rapidity as a function of p T , together with the PHENIX data [3] : f -type (red solid line), d-type (blue dot-dashed line) and GPM (green dashed line). The quark Sivers contribution (red dotted line) is totally negligible. More importantly, the d-type term appears strongly suppressed. This is due to the cancellation between the gq and gq channels, entering with a relative opposite sign, and the absence of the gg → gg contribution, relevant at moderate values of p T . In contrast, the GPM approach gives the largest maximized effect, since its partonic contributions are all positive and unsuppressed.
To obtain SSAs comparable with the very tiny and positive data values, one would conservatively expect a relative cancellation between the f -and d-type pieces, with a strongly reduced and positive f -type GSF. The results, for N charm-quark fragmentation function enters and no cancellation, as in the previous case, occurs. Moreover, the hard partonic parts favor the d-type w.r.t. the f -type term at x F > 0, while for x F < 0 both effects are almost washed out by the integration over the Sivers azimuthal phase. Adopting now the results of the analysis of π 0 SSA data, the f -type piece should be accordingly reduced by 0.1, thus becoming practically negligible. This means that for D 0 production we can safely consider only the d-type GSF. Similar considerations apply also toD 0 production.
For a direct comparison with data, the estimates for D-meson production have to be converted to the SSAs for their muon decay products [12] . Although the amount and precision of muon data do not allow for a true fit, important information can be gathered even adopting a very simple scenario with N
As shown in Fig. 3 
g (x) = −1 (thin blue dot-dashed lines). GPM predictions (green dashed lines) are also shown. Data are from Ref. [12] . right panel). To get a fair account of the muon SSA data, one can take |N 
A stronger reduction of the f -type GSF is then required by the combined analysis of π and µ data. In contrast, in the GPM approach the parametrization of the GSF extracted from the π 0 SSA data, see Eq. (2.1), allows us to describe the SSA for µ ± fairly well (Fig. 3, green dashed lines) . Note that a comparable good agreement with data is reached within the twist-three approach [13] . The absolute value of the first k ⊥ -moment of the GSFs is shown in Fig. 4 for the GPM (green dashed line) and the CGI-GPM approaches, d-type (blue dot-dashed line) and f -type (N red solid line), together with the positivity bound (black dotted line). Notice that the GSF in the GPM approach, for which the hard partonic parts are all positive, is the smallest.
Predictions
A N for J/ψ production is directly sensitive to the gluon Sivers function, and, within the CGI-GPM approach and the Color Singlet model, only to the f -type distribution [10] .
In Fig. 5 (left panel) we show our estimates against PHENIX data [14] for A N in p ↑ p → J/ψ X: GPM (green dashed line), CGI-GPM (red band: −0.01 ≤ N ( f ) g ≤ 0.05). With the exception of one point at x F < 0, data are compatible with zero and well described by our estimates.
The corresponding analysis of A N at LHC in the fixed polarized target mode ( √ s = 115 GeV) could be also extremely useful. Here one could probe even larger x in the polarized proton, accessing the gluon TMDs in a complementary region. Notice that in such a configuration the backward rapidity region refers to the forward region for the polarized proton target. Predictions within the GPM (thick green dashed lines) and the CGI-GPM (red bands) approaches, together with the corresponding upper/lower positivity bounds (thin lines) are shown in the right panel of Fig. 5 .
SSAs for direct photon production is another ideal tool to access the GSF. In Fig. 6 we show our predictions obtained adopting Eqs. (2.1), (2.2). Despite of their tiny values, a measure of A N for direct photon production would be extremely important to test the consistency of this picture.
Summarizing, the present analysis can be considered the first detailed attempt towards a quantitative extraction of the process dependent GSFs in the CGI-GPM scheme. Even if it is not yet possible to clearly discriminate between the GPM and the CGI-GPM approaches, the results are encouraging. More data, and more precise, will certainly help in shedding light on this important TMD, as well as on the validity of the whole approach. 
